Abstract Availability, cost, and efficiency of microbial enzymes for lignocellulose bioconversion are central to sustainable biomass ethanol technology. Fungi enriched from decaying biomass and surface soil mixture displayed an array of strong cellulolytic and xylanolytic activities. Strains SG2 and SG4 produced a promising array of cellulolytic and xylanolytic enzymes including β-glucosidase, usually low in cultures of Trichoderma species. Nucleotide sequence analysis of internal transcribed spacer 2 (ITS2) region of rRNA gene revealed that strains SG2 and SG4 are closely related to Trichoderma inhamatum, Trichoderma piluliferum, and Trichoderma aureoviride. Trichoderma sp. SG2 crude culture supernatant correspondingly displayed as much as 9.84±1.12, 48.02±2.53, and 30.10±1.11 units mL −1 of cellulase, xylanase, and β-glucosidase in 30 min assay. Ten times dilution of culture supernatant of strain SG2 revealed that total activities were about 5.34, 8.45, and 2.05 orders of magnitude higher than observed in crude culture filtrate for cellulase, xylanase, and β-glucosidase, respectively, indicating that more enzymes are present to contact with substrates in biomass saccharification. In parallel experiments, Trichoderma species SG2 and SG4 produced more β-glucosidase than the industrial strain Trichoderma reesei RUT-C30. Results indicate that strains SG2 and SG4 have potential for low cost in-house production of primary lignocellulosehydrolyzing enzymes for production of biomass saccharides and biofuel in the field.
Introduction
Fossil oil is a nonrenewable source of fuel and a major cause of atmospheric pollution. Serious scarcity of hydrocarbon oil is likely to occur in the future due to fast diminishing reserves [1] . Energy consumption has also increased due to rapidly industrializing nations [2] . Current industrial production of ethanol fuel uses mainly corn in the USA. The major drawback being, corn ethanol can increase the price of food. Agricultural wastes, logging residues, and other nonfood plant materials are abundant renewable natural resources that can be transformed into cleaner burning fuel such as ethanol. These factors have spurred international efforts to produce fuel from renewable plant biomass. The U.S. Department of Energy (DOE) has an important research agenda for the development of plant fiber ethanol as an alternative to fossil fuel. The U.S. Energy Independence and Security Act (EISA) of 2007 and the EU-funded 7th Research Framework Program are examples of increased worldwide focus on renewable fuel [3] .
Lignocellulosic biomass (plant fiber) is a major natural resource that is constantly replenished through photosynthesis [4] . Cellulose, hemicelluloses, and lignin are the major constituents of plant fiber. Cellulose is the most abundant constituent of plant biomass and invariably the most abundant biopolymer on earth [5] . Terrestrial and aquatic biosyntheses of cellulose by plants and algae have been estimated to occur at a rate of 0.85×10 11 tonnes/annum [6] . Cellulose is a high molecular weight linear polymer of glucose joined by glycosidic linkages [7] . Cellulases (exoglucanase, EC 3.2.1.91; endoglucanase, EC 3.2.1.4; and β-glucosidase, EC 3.2.1.21) act synergistically to produce soluble sugars, fermentable to ethanol, from cellulose in plant biomass [8] .
Next to cellulose, hemicelluloses are the second most plentiful components of plant materials. Xylan is a major hemicellulose in plant fiber [9] . Xylan is generally composed of a linear D-xylose backbone and branches of other sugars such as arabinose. Other hemicellulose sugars include mannose and galactose. Acetic acid is also found in acetylated xylan. The heterogeneous nature of xylan requires diverse xylanolytic enzymes for complete hydrolysis [10] . Endo-β-1,4-xylanase (EC 3.2.1.8) and β-xylosidase (EC 3.2.1.37) degrade the main chain, while α-glucuronidase (EC 3.2.1.139), α-L-arabinofuranosidase (EC 3.2.1.55), acetylxylan esterase (EC 3.1.1.72), and feruloyl esterase (3.1.1.73) cleave side chain constituents [11] [12] [13] .
Fungi and bacteria are the primary sources of lignocellulose-hydrolyzing enzymes. Major cellulolytic fungi include strains of Trichoderma reesei [14, 15] , Pencillium janthinellum [16] , Aspergillus spp. [17, 18] , and Ulocladium spp. [19] . Xylanase production has been reported in Penicillium canescens [20] and Trichoderma harzianum [21] . Co-production of cellulolytic and xylanolytic enzymes by defined co-cultures is also under intense research [22, 15, 23] . A number of bacteria produce cellulase [24] [25] [26] and xylanase [27] [28] [29] . Aerobic cellulolytic fungi, such as Hypocrea jecorina (T. reesei) or Humicola insolens, are currently used for industrial cellulase production [30] . However, most of the prokaryotic producers are not widely applied in the industry for cellulase production.
Efficient bioconversion of biomass polysaccharides to fermentable sugars is central to the development of competitive biological processes for making nonfood, fiber ethanol [31, 32] . Complete breakdown of plant biomass requires an array of enzymes. However, most organisms do not produce the complete combination of cellulolytic and xylanolytic enzymes. Furthermore, end product inhibition and requirement of high amounts of enzymes [33] [34] [35] [36] are of concern when using enzymes. Moreover, existing commercial enzymes were mainly developed for pulp, paper, and food industries [37] , and the high concentrations needed increase costs of the process [38] [39] [40] . Although Trichoderma species produce high levels of cellulase and xylanase, they are not known as high β-glucosidase producers. Thus, this study reports the cellulolyticxylanolytic potential of high β-glucosidase-producing fungal strains with potential for commercial production of complete enzyme mixtures for biomass saccharification.
Materials and Methods

Enrichment of Lignocellulose-Degrading Fungi
Decaying switch grass/surface soil and sawdust/surface soil mixtures were collected from Union Springs, AL. Soil underneath flower bed mulch was collected from Auburn University at Montgomery. The enrichment medium [41] [42] . Aliquots of 1 M HCl were used to adjust initial pH to 5.5. Substrates, 0.5 g shredded waste paper, and 0.5 g switch grass were added to 50 mL of the enrichment medium in 250-mL Erlenmeyer flask and then sterilized by autoclaving (121°C, 20 min). Enrichment cultures were incubated in an orbital shaker at 30°C for 7 days. Thereafter, 1 mL of the culture was transferred to sterile 50 mL of the enrichment medium and further incubated for 6 days. Potential lignocellulose-degrading fungi were plated by streaking on the enrichment medium amended with 1.5 % agar, 0.5 % carboxymethylcellulose (CMC), and 0.05 % yeast extract. Potential lignocellulose-degrading discrete colonies growing on CMC mineral salts agar were purified by further streaking on Sabouraud dextrose agar amended with 0.5 % CMC.
Screening of Fungal Isolates for Production of Cellulolytic and Hemicellulolytic Enzymes
Nine fungal isolates (SG2, SG3, SG4, SG19, SG7, SG18, F8, F9, and F10) that grew luxuriantly on CMC mineral salts agar plates were selected for further studies. [42] and 0.05 % yeast extract. In independent parallel experiments, 50 mL of the medium in 250 mL Erlenmeyer flasks was amended with either 0.25 g shredded waste paper (waste paper culture) or 0.25 g of pulverized switch grass (switch grass culture) and autoclaved at 121°C for 20 min. The sterile media were each inoculated with 1.25 cm agar plugs obtained from Sabouraud-CMC agar plate cultures of each isolate, grown at 30°C for 5 days. Cultures were incubated with orbital shaking (200 rpm) at 30°C for 60 h. Fungal biomass was removed from cultures by centrifugation, and the supernatant was assessed for filter paper cellulase, xylanase, β-glucosidase, and β-xylosidase production.
Time Course for Production of Cellulolytic and Xylanolytic Enzymes
Based on production of high levels of major enzymes for cellulose and hemicelluloses hydrolysis, three isolates SG2, SG4, and F10 were selected for further studies. Enzyme production medium (EPM) comprised (g per liter) 1.0 g peptone, 0.5 g yeast extract, 0. [42] . Fifty milliliters of the medium was dispensed into 250-mL Erlenmeyer flasks to which either 0.25 g of pulverized switch grass (<2 mm particle size) or paper powder (<2 mm particle size) was added. Culture conditions were as described above. Filter paper cellulase, xylanase, β-glucosidase, and β-xylosidase were determined in cell-free culture supernatants of samples taken every 2 days for 10 days.
Analysis of Enzyme Activities
Cellulase activity (filter paper cellulase) and xylanase activity were assayed as previously described [43] . For β-glucosidase, the reaction mixture comprised 100 μl of enzyme, 800 μl of 100 mM sodium acetate buffer (pH 5.0), and 100 μl of 40 mM ρ-nitrophenol β-D-glucoside in 100 mM sodium acetate buffer (pH 5.0). The reaction mixture was incubated for 30 min in a 50°C water bath [44] and chilled in an ice bath before measuring absorbance at λ 405 . β-Xylosidase activity was determined using the same method except the substrate was 20 mM ρ-nitrophenol β-D-xyloside. For estimation of the effect of dilution of culture supernatant on enzyme activities, cultures were grown for 6 days as described above. Enzyme (cell-free culture filtrate) was diluted two times (50 %), four times (25 %), and ten times (10 %) using 50 mM sodium acetate buffer, pH 5.0. The different dilutions of the enzyme were then employed to determine total cellulase, xylanase, and β-glucosidase activities in parallel with the undiluted enzyme (100 %).
Comparison of β-Glucosidase and β-Xylosidase Activities of Trichoderma SG2, Trichoderma SG4, and T. reesei RUT-C30
T. reesei RUT-C30 was purchased from ATCC (56765). In independent parallel experiments, 50 mL of EPM in 250-mL Erlenmeyer flasks was amended with 0.25 g paper powder and 0.25 g of pulverized switch grass and autoclaved at 121°C for 20 min. The sterile media were each inoculated with agar plugs (1.25 cm diameter) obtained from Sabouraud-CMC agar plate cultures of each organism. Cultures were incubated with orbital shaking (200 rpm) at 30°C for 12 days with sampling every 3 days. Fungal biomass was removed from cultures by centrifugation, and the supernatant was used to determine enzyme activities.
Estimation of Cellulolytic and Xylanolytic Enzymes Volumetric Productivity of Monoand Co-Cultures
The medium used for time course of production of cellulolytic and xylanolytic enzymes was used except that a combination of 0.25 g shredded waste paper and 0.25 g of pulverized switch grass was the carbon source. Inoculation and culture conditions were as described above, and cultures were incubated at 30°C for 144 h. Activities of cellulolytic and xylanolytic enzymes were determined, and volumetric productivity (units L
) was calculated for the 144-h incubation.
Molecular Analysis and Identification of Fungal Isolates
The isolates were grown on Sabouraud dextrose agar at 25°C for 5 days. The isolates were identified by sequencing the internal transcribed spacer 2 (ITS2) region (Accugenix, Newark, DE). Briefly, DNA was extracted using PrepMan Ultra (Applied Biosystems, Carlsbad, CA). The ITS2 region was amplified by polymerase chain reaction using forward and reverse primers for ITS2 region. PCR amplicons were cleaned up in situ using ExoSAP-IT® (USB Corporation, Cleveland, OH). DNA cycle sequencing was conducted using ABI Sanger method-based BigDye terminator kit followed by capillary electrophoresis separations of extension products using an ABI 3130 genetic analyzer. A phylogenetic tree was constructed using neighbor joining tree method [45] . Accugenix validated ITS2 fungal library search and Genbank nucleotide Basic Local Alignment Search Tool (BLAST) were used for comparison of sequences. Ribosomal RNA gene sequence for the most promising strains, SG2 and SG4, were deposited with GenBank under accession numbers KM047084 and KM047085, respectively.
Results
Enrichment and Purification of Monocultures of Lignocellulose-Degrading Fungi
A total of nine potential lignocellulose-degrading fungi were isolated. Six isolates (SG4, SG2, SG3, SG19, SG7, and SG18) were obtained from decaying switch grass and surface soil mixture. Three isolates (F8, F9, and F10) were isolated from soil underneath flower bed mulch. In further screening of the nine isolates, six were selected for further studies. Five of the six isolates (SG4, SG2, F8, F9, and F10) displayed substantial levels of cellulolytic and xylanolytic enzyme complex (filter paper cellulase, β-glucosidase, xylanase, and β-xylosidase) in mineral salt media containing shredded paper or pulverized switch grass.
Screening of Monoculture Isolates for Cellulolytic-Xylanolytic Activities Figure 1 presents cellulolytic-xylanolytic activities of six fungal isolates in waste paper and switch grass cultures. Filter paper cellulase was detected in culture supernatant of all isolates. Filter paper cellulase activities were highest in waste paper and switch grass cultures of isolates SG2 and SG4. Filter paper cellulase activities in other fungal cultures were significantly less than those detected in cultures of SG2 and SG4. The highest filter paper cellulase activity (6.57 U mL
) was recorded in switch grass culture of isolate SG2. The fungal isolates produced high levels of xylanase in both waste paper and switch grass cultures (Fig. 2) . The highest level of xylanase was observed in cultures ) and SG4 (29.72 U mL −1 ) in switch grass culture. Similar levels of xylanolytic activity were recorded in waste paper cultures of isolates SG2 and SG4. In waste paper culture, there was no significant difference in xylanase production between isolates SG2 and SG4. A slight difference in xylanolytic potential of SG2 and SG4 was recorded in switch grass culture. The lowest xylanolytic activity (12.67 U mL −1 ) was observed with isolate SG7. β-Glucosidase was detected in waste paper and switch grass cultures of all isolates. The highest β-glucosidase activities, 9.97 and 11.39 U mL −1 , were recorded in waste paper and switch grass cultures of isolate SG2. Isolates SG2, F9, F8, and F10 produced less β-glucosidase in waste paper cultures compared to switch grass culture (Fig. 3) .
The levels of β-xylosidase in waste paper and switch grass cultures are presented in ) was observed in waste paper culture of isolate SG2. β-Xylosidase activity of SG4 was significantly less in waste paper culture compared to 6.61 U mL −1 observed in switch grass culture. In switch grass culture, comparable levels of β-xylosidase activity were observed with isolates SG2, SG4, and F10 and significantly higher than β-xylosidase levels observed with isolates SG7, F9, and F8. ) in waste paper culture on day 10. Levels of filter paper cellulase activity were higher in culture supernatant of isolates SG4 and SG2 than observed with F10. Early production of xylanase was observed in both waste paper and switch grass cultures (Fig. 6) . Xylanolytic activities in all cultures of the three fungal isolates were maximal on day 2 and thereafter decreased. Levels of xylanase in cultures were generally stable between days 4 and 10. The highest xylanase activity (57.97 U mL ) was observed with isolate SG4 in switch grass culture.
Production Dynamics of β-Glucosidase and β-Xylosidase
The dynamics of extracellular β-glucosidase levels in waste paper culture and switch grass culture are presented in Fig. 7 . Substantial levels of β-glucosidase were detected in both cultures. Optimal production of β-glucosidase occurred between days 4 and 8. Isolate SG2 produced slightly more β-glucosidase (12.98 U mL −1 ) on day 6 in waste paper culture and 
U mL
−1 on day 6 in switch grass culture than isolate SG4. β-Glucosidase levels in cultures of isolates SG2 and SG4 were generally superior to those of F10. Time course of production β-xylosidase is presented in Fig. 8 . In both waste paper and switch grass cultures, β-xylosidase activity was high between days 4 and 8. Isolates SG2 and SG4 displayed similar β-xylosidase production patterns. However, slightly higher β-xylosidase activity was observed with isolate SG2 which produced 8.92 and 7.88 mL −1 on days 4 and 8, in waste paper culture. Extracellular β-xylosidase production in both cultures rapidly decreased after day 8.
Effect of Dilution of Cell-Free Culture Supernatant on Cellulase, Xylanase, and β-Glucosidase Activities
The effects of dilution of cell-free culture supernatant on cellulase, xylanase, and β-glucosidase activities are summarized in Table 1 . Dilution of the enzyme before assay revealed that more enzymes are present in the cell-free culture supernatant than observed in assays conducted with undiluted culture supernatant. At 10 % enzyme dilution, results indicate that cellulase, xylanase, and β-glucosidase are about 5.34, 8.45, and 2.05 orders of magnitude higher than observed in assays conducted using the cell-free culture without dilution.
Levels of β-Glucosidase and β-Xylosidase Activities of Trichoderma SG2, Trichoderma SG4, and T. reesei RUT-C30 Table 2 presents comparison of levels of β-glucosidase and β-xylosidase activities of strains SG4, SG2, and RUT-C30. Strains SG4 and SG2 displayed much higher production of β- Fig. 4 β-Xylosidase activities of fungal isolates in waste paper and switch grass cultures glucosidase and β-xylosidase than the industrial strain RUT-C30 by 2-5 orders of magnitude for β-glucosidase activity and about 2 orders of magnitude for β-xylosidase activity depending on incubation time (Table 2) . Nonetheless, the hypercellulolytic mutant RUT-C30 produced more filter paper cellulase than strains SG2 and SG4, whereas xylanase production was similar in the three strains.
Volumetric Productivity of Enzymes by Monocultures and Co-Cultures
Volumetric productivity of cellulolytic and xylanolytic enzymes was near similar in monocultures of SG2 and SG4 and co-culture of SG2 and SG4 (Table 3) . With SG4 monoculture, 137.90±12.99, 553.04±48.04, 242.78±34.11, and 112.45±12.55 units L −1 h −1 were estimated for filter paper cellulase, xylanase, β-glucosidase, and β-xylosidase, respectively, in cultures incubated for 144 h. In SG2/SG4 co-culture, 160.26±9.97, 460.58±7.55, 186.99±11.65, and 114.77±17.99 units L −1 h −1 were estimated for filter paper cellulase, xylanase, β-glucosidase, and β-xylosidase, respectively, in cultures incubated for 144 h.
Phylogenetic Characterization of SG2 and SG4
Accugenix database (FunITS) search using 358 nucleotide bases sequenced in the ITS2 of Trichoderma species SG2 and SG4 revealed 0.84 % difference to 358 ITS nucleotides of Fig. 9 . BLAST analysis of 358 nucleotide bases sequenced in the internal transcribed spacer region 2 (ITS2) revealed 100 % identity to Hypocrea lixii (GU196282) and other H. lixii strains. GenBank similarity search also revealed 100 % similarity to Trichoderma piluliferum (EU520051), T. inhamatum (AF455502), and Trichoderma aureoviride (AF1940015). The isolate was also 99 % similar to Colletotrichum crassipess (FJ938292), Colletotrichum gloeosporioides (FJ459934), and T. harzianum (Z68189).
Discussion
Increasing worldwide energy consumption, the nonrenewable nature of fossil fuel, hydrocarbon-mediated atmospheric pollution, as well as scarcity due to frequent political problems in hydrocarbon-rich nations have necessitated intensive worldwide research on Fig. 6 Time course of production of xylanase by isolates SG2, SG4, and F10 in waste paper and switch grass cultures biofuel [8, 26] . Lignocellulose materials in plant biomass represent the cheapest renewable energy reserve on earth. However, the cost of enzymes and recalcitrant nature of lignocelluloses continue to be a major hurdle impeding the development of lignocellulose biofuel. Inhouse production of enzymes and direct use of fermentation broth are one solution to reduce the cost of enzymes for bioprocessing of lignocelluloses. Furthermore, this will make it possible for small-scale producers, especially farmers, to produce their own fuel using inhouse produced enzymes. For in-house production of enzymes by less experienced individuals, monocultures that produce an array of key enzymes for cellulose and hemicellulose saccharification will be most suited. Thus, this study presents production of an array of cellulolytic and xylanolytic enzymes by novel fungal monocultures and co-cultures purified from decaying lignocellulose biomass/surface soil mixture.
Substantial levels of cellulolytic and xylanolytic enzymes were observed in cell-free culture filtrates of the fungal isolates. Initial activities were, however, not the optimum level due to the stringency of lignocellulose-rich media employed for the isolation and initial screening of isolates for cellulolytic and xylanolytic enzymes. Two monocultures SG2 and SG4 produced higher levels of the primary enzymes (cellulase, β-glucosidase, xylanase, and β-xylosidase) for lignocellulose bioconversion to fermentable sugars. Ten times dilution of culture supernatant of strain SG2 revealed that activities were about 5.34, 8.45, and 2.05 orders of magnitude higher for cellulase, xylanase, and β-glucosidase, respectively. This is an indication that more enzymes are present to contact with substrates in biomass saccharification. Fig. 7 Time course of production of β-glucosidase by isolates SG2, SG4, and F10 in waste paper and switch grass cultures Fig. 8 Time course of production of β-xylosidase by isolates SG2, SG4, and F10 in waste paper and switch grass cultures Synergistic interaction of microorganisms may help overcome nutritional limitations that could negatively impact the efficiency and productivity of monoculture systems [22, 46] . Moreover, such factors as incomplete synergistic enzymes, end product inhibition [47] , enzyme inactivation [47] , recalcitrance due to highly ordered structure and crystallinity of cellulose [48] , and the heterogeneous nature in a variety of plant fibers ( [36, 10] necessitate the use of complete lignocellulose-degrading enzymes from monoculture fermentation or enzyme mixtures from co-culture fermentation for efficient saccharification of lignocelluloses. Thus, co-production of cellulolytic and xylanolytic enzymes by a defined fungal consortia in comparison to fungal monocultures was explored. Interestingly, monocultures of isolates Table 2 Comparison of levels of β-glucosidase and β-xylosidase activities of SG4, SG2, and RUT-C30
Time(days)
Trichoderma strains β-Glucosidase (units mL ) for filter paper cellulase activity. Nonetheless, culture time is critical to volumetric enzyme productivity data and should be considered when comparing data from different organisms.
β-Glucosidase and β-xylosidases are extremely important terminal enzymes involved in lignocellulose bioprocessing to fermentable sugars, glucose, and xylose, from nonfermentable intermediates such as cellobiose/cello-oligosaccharides [49] and xylobiose/xylooligosaccharides [50] . Strains of Trichoderma species are the most common cellulaseproducing microorganisms employed industrially [51] . However, they lack high levels of β-glucosidases required for efficient hydrolysis of cellobiose [52] . Consequently, cellulase preparations from the hypercellulolytic mutant RUT C30 [53] are supplemented with β-glucosidases to increase the rate of cellulose hydrolysis [54] . High levels of β-glucosidases will limit the inhibitory effect of cellobiose on endo-and exo-cellulases [15, 55] . Very interestingly, substantial levels of β-glucosidase were produced by SG4 and SG2, which make them unique candidate cultures for in-house production of cellulolytic and xylanolytic enzymes for lignocellulose bioprocessing. Strains SG2 and SG4 proved to be better producers of β-glucosidase than the industrial strain RUT-C30 in parallel experiments. The inhibitory effect of cellobiose was significantly diminished in a microbial co-culture through better conversion into glucose by β-glucosidase production in cultures [56] . In a simultaneous saccharification and fermentation study, β-glucosidase supplementation greatly reduced feedback inhibition caused by cellobiose to the cellulase reaction, thereby increasing the ethanol yield [57] . β-glucosidases play many other roles in various biological processes [49] , including cellulase induction by catalyzing the formation of soluble inducer compounds from poor sugar inducers Fig. 9 Neighbor-joining phylogenetic tree of isolates SG2 (C1012655) and SG4 (C1012656). The bar above the tree represents 7.858 % difference in sequence similarity. Front and reverse growth patterns of isolates SG2 and SG4 cultures on potato dextrose agar incubated at 25°C are presented. Strains SG2 and SG4 share similar nucleotide sequence at the ITS region sequenced but are different in colonial morphology [58, 59] . Transglycosylation or reverse hydrolysis [60] [61] [62] and deglycosylation of isoflavone glycosides in soybean flour suspension and soymilk potentially increased the bioavailability of isoflavone [63] as well as synthesis of glycosidic compounds used in pharmaceutical, food, cosmetic, and other industries [64] [65] [66] . The results indicate potential application of the β-glucosidases from strains SG2 and SG4 in biomass conversion to fuel and biochemicals.
Significant production of β-xylosidase was also observed in cultures of SG2 and SG4. β-xylosidases are rate-limiting enzymes in hemicellulose saccharification, and abundant production has not been reported in Trichoderma used for industrial cellulase production. However, significant production was reported in cultures of Paecilomyces thermophila [50] , Penicillium sclerotiorum [67] , and Fusarium proliferatum [43] . Again, this demands costly commercial enzyme production in different fermentation vessels due to different growth requirements and potential microbial competition.
Conclusions
In summary, fungal strains SG2 and SG4 produced a promising array of lignocellulose-hydrolyzing enzymes. Results indicate that they are potential organisms for in-house production of cellulolytic and xylanolytic enzymes for lignocellulose biomass saccharification. Dilution of Trichoderma SG2 enzyme showed that cellulase, xylanase, and β-glucosidase activities are correspondingly about 5.34, 8.45, and 2.05 orders of magnitude higher than observed in assays conducted using the cellfree culture without dilution. Thus, less enzymes can be used or more substrates can be added to the reaction to achieve maximal activity. Further studies on optimal enzyme yield from cultures, applications in biomass saccharification, and bioethanol production as well as development of inoculum kit for in-house enzyme production are in progress.
